The increasingly popular disrupted Langmuir-adsorption kinetic model of photocatalysis does not containing an explicit function for the dependence of rate on the irradiance, ρ, but instead has a term αρ θ , where, α is a constant of the system, and θ is also a constant equal to 1 or 0.5 at low or high ρ values, respectively. Several groups have recently replaced the latter term with an explicit function of the form χ 1 (-1 + (1 + χ 2 ρ) 1/2 ), where χ 1 and χ 2 , are constants that can be related to a proposed reaction scheme. Here the latter schemes are investigated, and revised to create a more credible form by assuming an additional hole trapping strep. The latter may be the oxidation of water or a surface saturated with O 2 -. Importantly, this revision suggests that it is only applicable for low quantum yield/efficiency processes. The revised disrupted Langmuiradsorption model is used to provide good fits to the kinetic data reported for a number of different systems including the photocatalytic oxidation of: nitric oxide (NO), phenol (PhOH) and formic acid (FA).
3

Background
The commonly observed kinetics of photocatalysis, in liquid and gas phase, has often been reported 1, 2 as having the following form:
where r i is the initial rate, ρ is the incident irradiance, α and k(max) (= αρ θ ) are proportionality constants, which vary from test system to test system and P is the test pollutant and which the above commonly observed kinetics for photocatalysis, as described by eqn(1), were derived, based on OH• radical attack on P. The four scenarios considered were where: (I) both species (P and OH•) adsorbed, (II) P adsorbed, OH• non-bound, (III) P non-bound, OH• adsorbed and (IV) both P and OH• non-bound.
It is now accepted that in most cases of photocatalysis, which exhibit kinetics that ostensibly fit eqn (1) , K* L is itself a function of ρ, and as a result the simple Langmuir type rate expression, of the form of eqn (1) , is no longer appropriate in such cases 3 . As part of many efforts to address this revised appreciation of the general form of the kinetics of photocatalysis, in 2005 Ollis proposed 5 an alternative, attractive, simple kinetic model, based on the non-equilibrated (often referred to as 'disrupted') 4 adsorption of P, in which it was shown that the initial rate is given by:
where: χ 1 = αK L [S] o ; θ = constant, such that 0.5 ≤ θ ≤ 1, and χ 2 = α/k des ; χ 3 = K L, and α is a proportionality, K L is the Langmuir adsorption constant (Units: M -1 ), [S] . In this work, just in terms of the rate equations, it doesn't matter which of these forms the trapped hole takes, but, for simplicity and consistency with the original mechanism proposed by Ollis 5 and adopted by others 6-10 , we shall focus on the popular view of hole trapping with the generation of a OH• radical. In the Ollis disrupted adsorption model 5 the removal of P occurs via the following reaction:
and it is assumed that the steady-state concentration of OH•, and thus the rate, is proportional to ρ θ , where θ can lie in the range 0.5 ≤ θ ≤ 1, but is 0.5 at high ρ and 1 at low ρ; note: [OH•] and
[P] are the surface concentrations of OH• and P, respectively.
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Langmuir adsorption kinetics, as described by eqn (2), is that they both lack an explicit function for ρ in the latter rate expressions. Thus, instead of the term 'αρ θ ', which functions to describe the rate constant for the photocatalytic oxidation of P at either low or high ρ values, what is a required is a credible function that allows ρ to change smoothly its order from 1 to 0.5 as the irradiance is increased from low to high values. A striking practical example of the latter feature is to be found in the reported 14 variation in initial rate of oxidation of iso-propanol (IPA), by dissolved oxygen, photocatalysed by rutile TiO 2 , as illustrated in figure 1 . From these results, it is clear that whilst the variation in rate in the extreme regions of ρ are adequately described by the term 'ρ θ ', this is not the case for the transition zone, where the rate is neither proportional to ρ or ρ 0.5 . and, thus,
Which then allows the rate expression eqn(2) to be derived, given rate = αρ
A quadratic dependence upon irradiance
In order to address this apparent deficiency, several authors 7,9 have used a simple reaction sequence that appears to provide the necessary explicit function, without affecting the other parts of the proposed kinetic scheme, i.e. Thus,
which, upon solving the quadratic, yields the following expression for the steady state concentration of h + :
The above quadratic (solution) expression in ρ (but, note, NOT in [P]) appears to provide the desired explicit function for ρ which can be used in the overall rate expression that allows ρ to change its order from 1 to 0.5 as the irradiance is increased from low to high values.
Disconnected kinetic schemes and rate expressions
How researchers have used eqn (13) in order to derive an expression for the overall rate is varied.
For example, some [7] [8] [9] have assumed reaction (3) is the key process for the removal of P, so that (3) and (9), it follows that under steady-state conditions:
i. [7] [8] [9] where it is assumed that the only fate of the free holes is to react with P, the use of eqn (13) to provide an explicit dependence of rate upon ρ, as derived using the simple processes (3), (6)- (9), the assumption is flawed.
Fortunately, this concern is easily resolved via the addition of a simple trapping step, namely:
where T is a hole trap and T + is its oxidised form that does not interfere with the reaction, i.e. it is an irreversible oxidation step. Such a process has been proposed previously in another popular mechanism 15 , and so is not without precedent. This additional step may be the oxidation of water or that of a surface saturated with O 2 -, generated via reaction (8) .
If this additional step is adopted, then eqn(14) becomes:
Where [h + ] ss is given by eqn (13), i.e. the rate of removal of P would be given by
but with
If it is further assumed that k T2 >> k P [P], i.e. that it is a low quantum yield process, then
the rate expression has same form as eqn (17) , with the desired quadratic dependence of rate upon
Alternatively, others 6 have assumed the key oxidation process is direct hole oxidation of P, i.e. ] ss to be used in the rate expression for reaction (18) , it follows that the quantum yield/quantum efficiency for the process must be necessarily low, unless a radical chain reaction mechanism pertains 16 ; since in the latter case quantum yields/efficiencies > 1 can be achieved. Assuming the actual oxidation of P is a minor decay process for h + , then the rate of reaction would be given by eqn (17) with,
Eqn (17) is the form commonly used by groups to describe the rate of removal of P, when using the Langmuir model, eqn (1) 10 , or the disrupted adsorption model, eqn (2) 6-9 , but with the term:
'αρ θ ' replaced by the quadratic expression in ρ (i.e. χ 1 (-1 + (1 + χ 2 ρ) 1/2 ). Note: the trapping step, reaction (9) used here produces an OH• radical, which appears inappropriate if one of its necessary features is that the product has little or no influence on the overall rate expression.
Instead, it would appear more reasonable to replace reaction (9) with an alternative trapping step: ) so as to show clearly the rate as being proportional and then half-order at low and high ρ values, respectively. These two different dependencies are identified here in the plot of the original data in figure 1 , by the two red lines. The solid black line, however, is a plot of the line of best fit to the data using the rate, as expressed by eqn (17) , and fitting constants where,
To date, this revised model has been used primarily to fit the observed variation in initial rate for the photocatalysed oxidation of NO 6, 7 , sensitised by P25
TiO 2 , as a function of both ρ and [P], for example by Dillert et al. 6 , as illustrated in figure 2. However, it can also be used to fit with equal success, the kinetic results arising from other, similar, probing photocatalytic studies, such as that of oxidation of phenol (PhOH) 15 , see 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
where,
) and χ 3 = K L . This suggests that the simple Langmuir rate expression, so often used previously in photocatalysis and now considered redundant 3 , may still have a role to play when rationalising the observed kinetics of some photocatalytic systems, such as the photocatalysed oxidation of FA described above, and illustrated in figure 4 , in which there is strong (chemisorption) binding between P and the semiconductor. Evidence for the latter, in the FA/Aldrich TiO 2 system studied by Montoya et al. 13 , is provided by the high (5370 M -1 ) value of K L , as measured via a dark adsorption study 13 , which compares well with that (χ 3 = K L = 4280 M -1 ) extracted here from the best fit of the data (see figure 4) to the revised Langmuir kinetics eqn (21).
It is worth mentioning briefly at this point there is an alternative collection of photocatalysis kinetic models, which are referred to here as 'quadratic 'P' type' kinetic models, in that they predict a quadratic dependence upon [P] -1 , as well as upon ρ. Quadratic 'P' type kinetic models are very different to the more traditional Langmuir type kinetic models, such as represented by eqns (1) and (2), and their revised forms, namely, eqns (20) and (21), respectively.
As an illustration, the simplest example of such a model is that proposed by Gerischer 17 in 1995, and later used by Upadhya and Ollis 18 in their interpretation of the observed kinetics of the photocatalysed oxidation of trichloroethylene, TCE. In the Gerischer model 17 , reactions (6)- (8) are combined with the direct oxidation of P, i.e. reaction (18) , to yield the following expression for the overall rate: (1) and (2), and eqns (20) and (21), predict the commonly found independent and proportional dependence of rate upon [P] at high and low values, respectively.
As a consequence, quadratic 'P' type kinetic models have found less support than those based on Langmuir type kinetics, i.e. eqns(1) and (2) , and now, eqns (20) and (21).
Conclusions
Recently several research groups [6] [7] [8] [9] [10] have used an expression for the rate of the photocatalysed reaction of the form given in eqn (14) , where Finally, elsewhere, Passalia et al. 10 , in their study of the photocatalysed oxidation of formaldehyde in air over a TiO 2 film, using a Langmuir-type rate expression with the form of eqn (21) to fit their data, report a quantum efficiency of only ca. 1.59%. It seems likely this revised version of the Ollis disrupted adsorption model, i.e. eqn (20) will find increasing use by those working in the field. However, as with all kinetic models 3 , just because it fits the kinetic data does not mean it is the actual mechanism and more work is obviously required in order to establish its veracity.
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